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Introduction

Eggplant, Solanum melongena L., is one of the vegetables
ranked highest in total antioxidant capacity, which
is attributed to its high content of phenolics (Cao
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Abstract

Solanum incanum, the wild ancestor of eggplant, Solanum melongena, has
been considered as a source of variation for high content of phenolic acid
conjugates in breeding programmes aimed at improving the functional quality
of eggplant. We have evaluated the morphological and phenolic acids content
in an interspecific family including S. incanum (P1), S. melongena (P2), their
interspecific hybrid (F1), progeny from the selfing of the F1 (F2) and the
backcross of the F1 to P2 (BC1P2). Many morphological differences were found
between parents, while the F1 was intermediate for most traits. However, F1
plants were taller and pricklier and presented higher fruit flesh browning than
any of the parents. F2 and BC1P2 were morphologically highly variable and the
results obtained suggest that a rapid recovery of the characteristic combination
ot S. melongena traits can be achieved in a few backcross generations. Segregation
for prickliness was found to be compatible with simple genetic control,
prickliness being dominant over non-prickliness. A total of 16 phenolic acid
conjugates were studied, of which chlorogenic acid (5-0-(E)-caffeoylquinic
acid) was the most common compound in all samples, averaging 77.8% of all
hydroxycinnamic acid derivatives. Contents of total phenolic acid conjugates
were much higher in S. incanum than in S. melongena fruit flesh, and no major
differences were found in the profile of phenolic acids among parents. The
interspecific hybrid (F1) was intermediate between the two parents in phenolic
acids content. Non-segregating generations presented considerable variation in
phenolic acids content, but the range of variation was wider in segregating F2
and BC1P2 generations. Additive genetic effects were the most important in
explaining the results obtained for the phenolic acids content. A number of
BC1P2 plants presented a good combination of phenolic acids content and fruit
weight or flesh browning. Overall, the results demonstrate that improvement
of functional quality in S. melongena can be obtained using S. incanum as a donor
of alleles for high phenolic acids content.

et al., 1996; Hanson et al., 2006; Okmen et al., 2009;
Akanitapichat et al., 2010; Lo Scalzo et al., 2010). The
main phenolics in eggplant fruit are hydroxycinnamic
acid (HCA) conjugates, predominantly chlorogenic acid
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(5-0-(E)-caffeoylquinic acid; 5-CQA), which constitutes
up to 95% of the total phenolic acids present in the fruit
flesh (Stommel & Whitaker, 2003; Whitaker & Stommel,
2003; Singh et al., 2009). In addition, purple pigmented
eggplant accessions contain anthocyanins derived from
delphinidin, in the fruit epidermis (Azuma et al., 2008).
These anthocyanins also have potent antioxidant activity
(Azuma et al., 2008), but their concentration in eggplant
fruit is relatively small compared with HCA conjugates
present in the flesh.

Chlorogenic acid has many beneficial properties
for human health, including free radical scavenging,
anticarcinogenic, cardioprotective, anti-obesity, anti-
inflammatory, analgesic and antipyretic activities, and it
also regulates the level of glucose in blood (Sawa et al.,
1998; Triantis et al., 2005; Lee & Zhu, 2006; dos Santos
et al., 2006; Kwon et al., 2008; Cho et al., 2010; Dai &
Mumper, 2010; Coman et al., 2012). Potential health
benefits, including anti-HIV activity, have also been
identified for other minor HCA conjugates in fruits of
eggplant and wild relatives (McDougall ef al., 1998; Ma
et al., 2011). Furthermore, chlorogenic acid and other
HCA conjugates present in eggplant are highly stable
(Friedman & Jiirgens, 2000; Lo Scalzo et al., 2010). In
fact, it has been reported that the levels of bioavailable
phenolic acids in eggplant subjected to different cooking
treatments are even higher than those present in the raw
product (Lo Scalzo et al., 2010).

Given the increasing interest in vegetables with a
higher content of functional compounds, the develop-
ment of eggplant cultivars with increased amounts of
HCAs, in general, and of chlorogenic acid in particular,
in the fruit flesh is warranted (Stommel & Whitaker,
2003; Prohens et al., 2007). However, oxidation of phe-
nolics causes browning of the fruit flesh after cutting
and exposure to air, which is an undesired trait (Queiroz
etal., 2008). Therefore, selection against fruit flesh brown-
ing in breeding programmes has resulted in the indirect
selection for low phenolics content. As a consequence,
modern varieties of eggplant often have a lower concen-
tration of phenolic acids in comparison with traditional
local varieties (Prohens et al., 2007).

In order to be efficient, breeding programmes aimed
at increasing the phenolics content of eggplant fruit
require germplasm resources with sufficiently high levels
of variation for these compounds. Although several fold
differences in the content of phenolic acid conjugates
within the cultivated species have been reported (Stom-
mel & Whitaker, 2003; Hanson et al., 2006; Prohens et al.,
2007; Okmen et al., 2009; Akanitapichat et al., 2010),
the highest content has been found in wild relatives
of eggplant, including Solanum incanum L. (Stommel &
Whitaker, 2003; Ma et al., 2010, 2011). S. incanum is
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the wild ancestor of eggplant (Lester & Hasan, 1991;
Meyer et al., 2012) and hybrids with the cultivated
eggplant S. melongena are easily obtained. Those hybrids
are completely fertile and present regular meiosis and
segregation of markers (Lester & Hasan, 1991; Vilanova
et al., 2010; Daunay, 2012). Therefore, S. incanum
represents a viable source of variation for phenolics
content that can be effectively introduced into breeding
programmes aimed at increasing eggplant fruit phenolics
content. In addition, S. incanum presents other traits of
interest that may be useful in eggplant breeding. These
attributes include resistance to Fusarium oxysporum and
tolerance to abiotic stresses such as drought (Yamakawa
& Mochizuki, 1979; Lester & Hasan, 1991).

One of the disadvantages of including S. incanum as
source of variation for phenolics content in an eggplant
breeding programme is that many unfavourable traits
from the agronomic and commercial point of view are
present in this wild species, including the presence of
prickles, small fruit, and lack of anthocyanins in the skin
(Lester & Hasan, 1991). These traits have to be selected
against and removed in the backcross breeding pro-
gramme, which may be difficult depending on the num-
ber of genes and genetic control involved in each trait (Fita
etal., 2010). Furthermore, the genes of interest in the wild
species that are responsible for the traits of interest might
be linked to unfavourable genes (linkage drag). Therefore,
as in other breeding programmes in eggplant involving
interspecific hybridisation (Prohens et al., 2012), breed-
ing for high phenolics content in eggplant must take into
account not only phenolics content in segregating gen-
erations between S. melongena and S. incanum but also
morphological and agronomic traits of interest.

Here, we evaluate the inheritance of morphological
attributes that contribute to fruit quality, as well as the
content of phenolic acid conjugates, in segregating F2 and
backcross generations resulting from an interspecific cross
between S. incanum and S. melongena. The objective was
to obtain information of relevance for improvement of
the functional quality of eggplant as well as to assess the
feasibility of developing materials of commercial interest
from interspecific crossings between S. melongena and its
wild relative S. incanum.

Materials and methods

Plant material

One interspecific family consisting of one parental acces-
sion of S. incanum (MM577; P1), one parental accession
of S. melongena (ANS26; P2), the interspecific hybrid
between them (ANS26 x MM577; F1), the selfed hybrid
(F1 x F1; F2) and the first generation hybrid backcrossed
to the S. melongena parent (ANS26 x F1; BC1P2). The
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S.incanum parent originated in Israel, and its fruit are
small and green; the S. melongena parent is a landrace from
Spain with large purple fruit. Six plants were evaluated
for each of the P1, P2 and F1 non-segregating generations.
For the F2 and BC1P2 generations, 41 and 64 plants were
evaluated, respectively. Both P1 and P2 are genetically
uniform and highly homozygous as revealed with simple
sequence repeat (SSR) markers (Vilanova et al., 2010).

Growing conditions

Plantlets of all materials were transplanted on 6 May,
2009, to an open field plot (sandy loamy soil) on the
campus of the Universidad Politécnica de Valencdia,
Valencia, Spain (GPS coordinates of the field plot:
latitude, 39°28'55"N; longitude, 0°20'11”W) in a com-
pletely randomised design. Plants were spaced 1.2m
between rows and 1.0 m apart within the row and drip
irrigated. Fertilisation was applied with drip irrigation
throughout the growing cycle and consisted of 80g
plant~! of a 10N-2.2P-24.9K plus micronutrients com-
mercial fertiliser (Hakaphos Naranja; Compo Agricultura,
Barcelona, Spain). Standard horticultural practices for
eggplant production in the Mediterranean coastal area of
Spain were followed.

Morphological characterisation

Morphological traits were measured in individual plants
using 16 primary descriptors developed by the Eggplant
Genetic Resources Network (EGGNET) (Table 1; Prohens
etal., 2005; van der Weerden & Barendse, 2007). For leaf,
flower and fruit traits, five measurements were taken for
each individual plant. The fruit skin primary (i.e. predom-
inant) colour was measured in the CIELAB 1976 colour
coordinates L* (0 =black; 100 =white), a* (positive val-
ues =red; negative values =green) and b* (positive val-
ues =yellow; negative values=blue), using a Minolta
CR-300 chroma-meter (Minolta Co. Ltd., Osaka, Japan).
Fruit flesh browning was measured as DW;y — DW,,
where DW), and DW, are, respectively, the distances to
pure white colour (L*=100; a*=0; b*=0) of the fruit
flesh colour measured at Omin and at 10 min after the
fruit were transversally cut with a sharp knife. Values of
DW were calculated as DW = [(100 — L*)2 4 a*? +b*2)]03
(Prohens et al., 2007). Fruit skin primary colour and flesh
browning were measured in five fruits per plant. The mea-
surement of the fruit flesh colour was made at the mid-
point between the centre of the fruit and the pericarp.

Phenolic acid conjugate analysis

Fruit (three to five) of individual plants were harvested
and brought to the laboratory, where they were washed,
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Table 1 Morphological traits evaluated and their description. Further
details for the measurement of plant traits can be obtained from Prohens
et al. (2005) and van der Weerden & Barendse (2007)

Trait Code Units/Description

Plant height P-Height cm

Angle between main S-Angle Sexagesimal degrees
branches

Shoot apex A-Anthocyanins 0 =absent; 9 =very
anthocyanins strong
intensity

Stem anthocyanins S-Anthocyanins 0=absent; 9=very
intensity strong

Stem prickles S-Prickles Number of prickles

between two internodes

Leaf pedicel length L-Pedicel cm

Leaf blade length L-Length cm

Leaf blade breadth L-Breadth cm

Leaf blade L-Length/Breadth

length/breadth ratio

Leaf blade lobing L-Lobing 1 =very weak; 9 =very
strong
Leaf anthocyanins L-Anthocyanins 0=absent; 9 =very
intensity strong

Leaf prickles
Leaf longest prickle

L-Prickles 0=none; 9 =very many
L-PrickleLength mm

length
Flowers per FI-Number
inflorescence
Corolla diameter Fl-Diameter mm
Fruit weight Fr-Weight g
Fruit skin L* primary Fr-L* CIELAB L* colour
colour coordinate
Fruit skin a* primary Fr-a* CIELAB a* colour
colour coordinate
Fruit skin b* primary Fr-b* CIELAB b* colour
colour coordinate
Fruit browning index Fr-Browning Difference of distance to

pure white between 10
and 0 min after fruit cut

peeled, and a 2-cm wide longitudinal section from stem
to blossom end was cut from the middle of the fruit. The
excised tissue was frozen in liquid N, and lyophilised. The
lyophilised tissue of the fruit from an individual plant was
powdered and pooled as a single sample. The powdered
samples were shipped from the Universitat Politecnica
de Valencia (Spain) to the USDA Beltsville Agricultural
Research Center (USA) using a courier service. After being
received, samples were stored at —80°C until analysed.
Subsamples of the lyophilised powdered fruit tissue
(0.2g) were extracted by vigorous stirring for 15min
at room temperature in 10 mL of methanol-water, 4:1,
in a 15-mL plastic centrifuge tube that was sealed after
flushing with N,. The tube was then centrifuged at 4000 g
for 5min, the first extract was decanted, and the process
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was repeated on the same tissue sample. The first and
second extracts were combined and 4 mL were passed
through a Whatman polytetrafluoroethylene (PTFE)
syringe filter (0.2 um pore size). One millilitre aliquots
of each filtered extract were transferred to amber high-
performance liquid chromatography (HPLC) vials and
the solvent evaporated under a stream of N, at 40°C. The
residue was dissolved in 1.0 mL of water—-methanol, 4:1,
plus 0.02% phosphoric acid. Each vial was flushed with
N, before it was sealed with a Teflon-lined septum cap.
Samples were stored at —80°C until analysed by HPLC.
Phenolic acid conjugates in the fruit tissue extracts
were separated and quantified by reverse phase high-
performance liquid chromatography (RP-HPLC) in 50
UL injections onto a Luna C18(2) column (5 um particle
size, 250mm long, 4.6mm i.d.) from Phenomenex
(Torrance, CA, USA) using an HP 1100 Series instrument
with a quaternary pump, autosampler and photodiode
array detector (Agilent Technologies, Palo Alto, CA).
Data were analysed with Agilent ChemStation software
(Revision B.03.01). The method used was a modification
of that described by Whitaker & Stommel (2003). The
binary gradient consisted of 0.02% H3;PO4 in water
(A) and methanol (B) as follows: 0min, 90A:10B at
1.0mL min~!; 0-15min, linear increase to 25% B at

1.0mL min~!; 15-25min, linear increase to 50% B

at 1.0mL min~!; 25-28 min, linear increases to 80%
B and 1.2mL min~!; 28-30min, linear increase to
100% B at 1.2mL min~'; 30—-32min, 100% B at 1.2mL

min~'; 32-35min, decrease to 10% B at 1.2mL min~!

Morphology and phenolics in an interspecific family in eggplant

and 35-38min, 10% B with linear decrease to 1.0mL
min~!. Relative quantification was based on absorbance
at 325nm (caffeoyl and feruloyl conjugates) and 280 nm
(dihydrocaffeoyl conjugates).

Sixteen compounds were quantified, including esters
and/or amides of caffeic, dihydrocaffeic and ferulic acid.
With the exception of three putative feruloyl esters of
quinic acid, all the compounds have been identified
by a combination of LC-MS and NMR analyses in
prior studies (Whitaker & Stommel, 2003; Ma et al.,
2011). The 16 phenolic acid conjugates were numbered
according to the order of HPLC elution but were
otherwise distributed in four groups on the basis of
their chemical structures (Table 2) as follows: group
1 — four isomers of caffeoylquinic acid (3-0-E, 4-0-E,
5-0-FE and 5-0-Z) plus 3,5-di-O-E-caffeoyquinic acid;
group 2 — six hydroxycinnamoyl amides of polyamines,
including N-caffeoylputrescine, N-catfeoylspermidine,
N,N’-bis(dihydrocaffeoyl)spermidine,  N-caffeoyl-N’-di
hydrocaffeoyl-spermidine, N-dihydrocaffeoyl-N’-caffeoyl
spermidine and N,N’-bis(caffeoyl)spermidine; group 3 -
three isomers of feruloylquinic acid (3-0-E, 4-0-E and 5-
0-E) and group 4 — two isomers of malonylcaffeoylquinic
acid (3-0-malonyl-5-0-E-catfeoyl and 5-0-malonyl-4-0-
E-catfeoyl).

Data analyses

For morphological data, the mean and range of each
character within individual generations were obtained.

Table 2 Phenolic acid grouping based on identification or tentative identification of the 16 hydroxycinnamic acid conjugates in eggplant fruit extracts
that were quantified by high-performance liquid chromatography-ultraviolet (HPLC-UV)

Phenolic Peak Elution Time (min) UV Amax (280—-330nm) Abbreviation Conjugate Identification
Group 1: Mono- and di-caffeoylquinic acid esters
3 15.1 326, 296 (sh) 3-CQA 3-0-(E)-Caffeoylquinic acid
8 21.2 326, 296 (sh) 5-CQA 5-0-(E)-Caffeoylquinic acid
10 22.4 326, 296 (sh) 4-CQA 4-0-(E)-Caffeoylquinic acid
12 24.3 319 5Z-CQA 5-0-(2)-Caffeoylquinic acid
16 28.1 328, 296 (sh) 3,5-diCQA 3,5-Di-O-(E)-caffeoylquinic acid
Group 2: Hydroxicinnamic acid — polyamine amides (HCAA)
1 8.2 317,292 Caff-Put N-(E)-Caffeoylputrescine
2 12.9 318,292 Caff-Spd N-(E)-Caffeoylspermidine
4 16.5 280 bis-dhCaff-Spd N,N’-bis(Dihydrocaffeoyl)spermidine
5 18.6 319, 288 CaffidhCaff-Spd-1 N-Caffeoyl-N'-dihydrocaffeoylspermidine
6 19.7 319, 288 Caff/dhCaff-Spd-2 N-dihydrocaffeoyl-N'-caffeoylspermidine
7 20.9 319,293 bis-Caff-Spd N,N’-bis(caffeoyl)spermidine
Group 3: Mono-feruloylquinic acid esters
9 21.8 328, 299 (sh) 3-FQA 3-0-(E)-Feruloylquinic acid
13 25.4 328, 299 (sh) 5-FQA 5-0-(E)-Feruloylquinic acid
15 271 328, 298 (sh) 4-FQA 4-0-(E)-Feruloylquinic acid
Group 4: Malonylcaffeoylquinic acid esters
1 23.9 327,297 (sh) 3-Mal-5-CQA 3-0-Malonyl-5-0-(E)-caffeoylquinic acid
14 25.6 327,297 (sh) 5-Mal-4-CQA 5-O-Malonyl-4-0-(E)-caffeoylquinic acid
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Data from individual plants were subjected to analysis
of variance (ANOVA), so that two ANOVAs were
conducted for each of the traits studied, one which
included the non-segregating (parents and hybrids)
generations and another which included the segregating
(F2 and BCIP2) generations. The average (pooled)
variance and standard deviation for each of the traits
studied was obtained from the corresponding ANOVAs.
Principal components analyses (PCA) were performed
for standardised morphological traits using pairwise
Euclidean distances among individuals.

For phenolic acids, the percentage of individual
phenolic acid conjugates in each plant, and the mean,
maximum and minimum values were computed and
utilised to quantify phenolic acids content for each
of the four groups of phenolic acid conjugates and
total phenolic acids content. Mean values and ranges
for the P1, P2, F1, F2 and BCIP2 generations are
reported. Heritability of phenolic acids content was
determined using an additive—dominance model in
which midparent and genetic effects (m=midparent,
[a] =additive, [d] =dominance) were estimated using
Cavalli’s weighted method. Parameterisation coefficients
for gene effects were as follows: m =1 for all generations;
[a]=1 for P1, —1 for P2, 0 for F1 and F2, and —1/2 for
BC1P2; [d] =0 for P1 and P2, 1 for F1 and 1/2 for F2 and
BC1P2. Model goodness of fit was tested using a weighted
x? (joint scaling test) (Mather & Jinks, 1977). Correlation
coefficients among the different groups of phenolic acids
and with total phenolic acids content were calculated.

Results
Morphological characterisation

Important differences in plant and fruit morphology were
found between the S. incanum (P1) and S. melongena (P2)
parents. Lack of overlap in the reported range for 12 out of
the 20 traits evaluated illustrates the high level of pheno-
typic divergence between these species (Table 3). In this
respect, the S. incanum parent presented no anthocyanin
pigmentation in the shoot apex (A-Anthocyanins), stem
(S-Anthocyanins) or leaf (L-Anthocyanins), whereas the
S. melongena parent presented anthocyanins in all these
organs. P1 was prickly in both the stem (S-Prickles) and
leaf (L-Prickles), whereas P2 was non-prickly (Table 3).
In addition, P1 presented shorter leaf pedicel (L-Pedicel),
smaller corolla diameter (Fl-Diameter), and particularly,
significantly smaller fruit weight (Fr-Weight). The fruits
of P1 were green, while those of P2 dark purple (Fig. 1),
which resulted in higher values for L* (i.e. less black) and
b* (i.e. more yellow), and lower values for a* (i.e. more
green) in P1 compared with P2. Although fruit browning
(Fr-Browning) scores for P1 and P2 overlapped at the
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very extremes of their respective low and high score
distributions, the mean Fr-Browning score was more
than three times higher in P1 than in P2 (Table 3).

Heterosis for morphological attributes was evident in
F1 hybrid progeny from this interspecific cross. In com-
parison to parental lines, F1 progeny exhibited greater
plant height (P-Height), leaf length (L-Length), leaf lobing
(L-Lobing) and prickle length (L-PrickelLength) (Table 3
and Fig. 1). Presence of prickles (L-Prickle) in the F1 was
similar to P1. The interspecific hybrid exhibited antho-
cyanin pigmentation in the vegetative plant parts studied,
with values similar to those observed for P2. Likewise,
fruit anthocyanin pigmentation (Fr-L*, Fr-a* and Fr-b*)
in the hybrid was similar to that in P2. The flowers of
the F1 were about the same size (Fl-Diameter) as those
of P2. F1 fruit size (Fr-Weight) was skewed towards the
considerably smaller fruit size characteristic of P1. Fruit
browning (Fr-Browning) scores for the F1 were greater
than those of either parent (Table 3).

The distribution range and accompanying variance for
traits evaluated in the segregating generations (F2 and
BC1P2) were generally greater than those observed in the
non-segregating generations (P1, P2 and F1) (Table 3).
In particular, variation was greatest for plant architecture
attributes including plant height (Pl-Height) and angle
between main branches (S-Angle) and fruit characteristics
(Table 3 and Fig. 1). For the F2, mean values for plant and
fruit attributes were generally intermediate between both
parents, but in some case skewed towards P1 or P2, for
example prickle length and flower diameter. However, for
leaf lobing (L-Lobing) and fruit browning (Fr-Browning),
the mean values exceeded those observed for both P1
and P2 but were similar to those of the F1. Fruit weight
in the F2 ranged between 13.5 and 110.2g, with an
average value (40.8 g) much greater than that of the F1
(17.2g) (Table 3 and Fig. 1). Approximately 25% of the
F2 plants lacked prickles (10 without prickles and 41 with
prickles), which is a very good fit (2 =0.008; P=10.928)
for a 3:1 segregation coinciding with the action of a single
major gene. In the case of the BC1P2, mean values for
plant and fruit attributes were also generally intermediate
between P2 and F1 or skewed towards the F1 or recurrent
parent. For example, fruit weight in the BC1P2 ranged
between 14.0 and 205.0 g, with an average value of 68.1 ¢
intermediate to parent lines. Conversely, traits such as
leaf lobing (L-Lobing) and fruit browning (Fr-Browning)
were skewed towards those of the F1. Unlike P2 and F1,
fruit of some BC1P2 plants lacked anthocyanins, which
resulted in average Fr-L* values much greater than those
of any of the parents (Table 3 and Fig. 1). Fifty percent
(32 out of the 64) of the BC1P2 plants lacked prickles,
which is a perfect fit for a 1:1 segregation (x?=0.000;
P=1.000) and simple inheritance.
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Figure 1 Fruit samples of Solanum incanum (P1; a), Solanum melongena (P2; b), the interspecific hybrid (F1; c), the selfed F1 (F2; d) and the F1
backcrossed to S. melongena (BC1P2; e). Fruits are not depicted at the same scale; the size of the grid cells is 1 cm x 1cm.

The first and second components of the PCA performed
with the morphological data accounted for 24.8% and
16.7% of the total variation, respectively. The inclusion
of the third or subsequent components in the PCA
did not improve the interpretations. We considered as
relevant those traits having correlation values with the
first or second principal component greater than 0.2
(Fig. 2). The first component was positively correlated
with presence of anthocyanins in fruit (high values
for Fr-a*) and vegetative plant parts (S-Anthocyanins,
A-Anthocyanins, L-Anthocyanins) and with flower size
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(Fl-Diameter) (Fig. 2). The first and second components
were negatively correlated with fruit green colour
(Fr-b*) and more luminous fruits (Fr-L*). The second
component was positively correlated with the presence
of prickles (S-Prickles and L-Prickles) and prickle size
(L-PrickleLength), as well as with the leaf length/breadth
ratio (L-Length/Breadth) and lobing (L-Lobing), and fruit
browning (Fr-Browning). The second component was
also negatively correlated with fruit weight (Fr-Weight).

The projection of the individual plants on the
morphological traits PCA plot clearly separates P1 (low
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Figure 2 Principal components analysis of plant traits (see Tables 1 and
3) for Solanum incanum (P1) and Solanum melongena (P2) parents,
interspecific hybrid (F1), selfing of the interspecific hybrid (F2) and
backcross to S. melongena (BC1P2) generations. First and second
components of the PCA account for 24.8% and 16.7% of the total variation,
respectively.

values for the first component and intermediate values
for the second component), P2 (high values for the first
component and low values for the second component)
and F1 (intermediate values for the first component and

Morphology and phenolics in an interspecific family in eggplant

high values for the second component) (Fig. 3). The
cluster of F1 individuals is approximately equidistant
from P1 and P2 clusters. The F2 and BC1P2 individuals
generally plot in the triangular area delimited by P1, P2
and F1. F2 individuals were uniformly distributed across
the area bounded by the P1, P2 and F1. BC1P2 individuals
were plotted most distant to P1 (Fig. 3).

Phenolic acid conjugate content

The most common phenolic compound among all the
HCA conjugates identified in parental, hybrid, and F2
and BC1P2 progeny was 5-CQA, with an average value
of 77.8%, and a range from 58.1% to 88.7% (Table 4).
For fruit from the parental lines, 5-CQA composed a
higher mean percentage of total phenolics in S. melongena
(75.2%) compared with S. incanum (65.4%). All other
phenolic acid conjugates were generally present in low
concentrations with values below 10%. The highest
average values for the minor compounds were recorded
for Caff-Put (group 2; 5.5%), 3-Mal-5-CQA (group 4;
4.0%) and bis-Caff-Spd (group 2; 4.0%). However, the
levels of some of these individual minor phenolic acid
conjugates ranged up to 21.3%, as was the case for
3-Mal-5-CQA in one sample of S. incanum. Sixteen HCA
esters and amides were identified across P1, P2, F1, F2
and BCI1P2 progenies. Hydroxycinnamic acid conjugate
profiles varied among individual plants. Presence of
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Figure 3 Similarities based on 20 morphological traits (see Tables 1 and 3) among the individual plants of the Solanum incanum (P1) and Solanum
melongena (P2) parents, interspecific S. incanum x S. melongena hybrid (F1), selfing of the interspecific hybrid (F2) and backcross to S. melongena
(BC1P2) represented on the two first components of the PCA (24.8% and 16.7% of the total variation, respectively).
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Table 4 Average, maximum and minimum values for the percentage of
each of the 16 hydroxycinnamic acid conjugates identified in fruit tissue
extracts from 123 plants of the family constituted by Solanum incanum
and Solanum melongena parent lines, the interspecific hybrid (F1), the
selfed interspecific hybrid (F2) and F1 backcross to S. melongena (BC1P2)
generations

Phenolic Acid Conjugate Average Min Max

Group 1: Mono- and di-caffeoylquinic acid esters

3-CQA 0.1 0.0 0.2
5-CQA 77.8 58.1 88.7
4-CQA 1.4 0.5 6.0
5Z-CQA 0.8 0.0 7.5
3,5-diCQA 0.5 0.0 1.9
Group 1 total 80.6 62.0 90.8
Group 2: Hydroxicinnamic acid — polyamine amides (HCAA)

Caff-Put 55 0.2 21.3
Caff-Spd 0.4 0.0 1.3
bis-dhCaff-Spd 0.7 0.0 3.8
Caff/dhCaff-Spd-1 1.7 0.0 6.6
Caff/dhCaff-Spd-2 0.6 0.0 1.4
bis-Caff-Spd 4.0 0.5 12.0
Group 2 total 12.8 2.7 27.0
Group 3: Mono-feruloylquinic acid esters

3-FQA 0.1 0.0 1.1
5-FQA 0.6 0.1 2.0
4-FQA 0.1 0.0 0.9
Group 3 total 0.8 0.1 3.0
Group 4: Malonylcaffeoylquinic acid esters

3-Mal-5-CQA 4.0 0.1 21.3
5-Mal-4-CQA 1.9 0.1 10.4
Group 4 total 5.9 0.5 30.5

individual compounds ranged from 10 to 16 in the
individual samples analysed. Seven out of 16 of the
HCA conjugates (5-CQA, 4-CQA, Caff-Put, bis-Catf-Spd,
5-FQA, 3-Mal-5-CQA and 5-Mal-4-CQA) were present in
all the analysed samples (Table 4). As shown in Table 4,
some individuals present values of 0.0% for the contents
of some of the minor hydoxycinnamic acid conjugates.
However, for six of the nine compounds for which
values of 0.0% are shown (5Z-CQA, 3,5-diCQA, Caff-
Spd, bis-dhCaff-Spd, Caff/dhCaff-Spd-1 and Caff/dhCaff-
Spd-2), we found variation for their presence/absence
in all the non-segregating generations, with one or
more individuals presenting values greater than zero.
Among the three remaining compounds for which some
individuals with 0.0% values are shown, we found 3-CQA
present in all plants of both parents and absent in all
plants of the F1, while 3-FQA and 4-FQA were absent in
all plants of S. melongena (P2) and the F1, and present in
some and absent in other plants of the S. incanum (P1)
parent.

As a consequence of high 5-CQA concentrations, group
1 mono- and di-caffeoylquinic acid esters comprised the
most abundant class of HCAs conjugates, with an average
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value of 80.6% (Table 4). With the exception of 5-CQA,
the individual phenolic acids in group 1 were present at
very low levels, generally below 1.5%. The hydroxycin-
namic acid-polyamine amides (HCAA; group 2) ranked
second in concentration, with an average value of 12.8%.
Group 2 was followed by the malonylcaffeoylquinic acid
esters (group 4), with an average value of 5.9%, and
finally by the mono-feruloylquinic acid esters (group 3),
with a very low value, 0.8% on average (Table 4).

The S. incanum parent (P1) exhibited much higher
values than the S. melongena parent (P2) for all the
four groups of phenolic compounds studied (Table 5 and
Fig. 4). The average concentrations of groups 1, 2, 3 and 4
in P1 were 2.3, 2.1, 6.8 and 5.6 times greater, respectively,
than in P2, and total phenolic levels were 2.7 times higher
in P1 compared with P2. In F1 fruit, concentrations of
groups 1, 2 and 3 compounds as well as total phenolics
were intermediate to those in fruits of the two parents.
However, abundance of the two malonylcaffeoylquinic
acid isomers in group 4 was less in F1 fruit than in fruit of
either parent (Table 5). The range of variation within each
of the individual plants of non-segregating generations
was high and, except for group 3, overlap was found
between the two parents. Accordingly, comparison of the
total phenolic acid conjugate content in fruit from single
plants of each of the parents or the F1 hybrid revealed
that for P1, P2 and F1, respectively, individuals with the
highest concentration presented values that were 2.2, 3.0
and 1.7 times greater than those for individuals with the
lowest concentration (Table 5).

The F2 and BCIP2 total phenolic acid conjugate
concentrations were, on average, similar to those of
the F1, with slightly higher levels present in the F2
compared with the BC1P2 (Table 5). As expected, the
range of variation for total phenolics and for each of
the four groups was generally greater in the F2 and, in
particular, in the BC1P2 than in the F1 and parental
generations.

On the basis of x2?-square analysis, the variation
observed in the five generations studied was adequately
explained by a simple additive—dominance (mf[a][d])
inheritance model (Table 5). In all cases, additive genetic
variance [a] was positive. This indicates that the alleles of
P1 contributed positively to high levels of total phenolics
as well as to the contents of each of the four groups of
phenolic acid conjugates. However, additive variance was
only significant (P <0.05) for group 1. The dominance
parameter [d] was negative in all cases, except for group
2 and non-significant at P <0.05. Addition of digenic
interactions to the additive—dominance model to produce
four or five parameter models provided only marginal
improvements to model R? values for the respective
groups (data not shown).
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Table 5 Mean values and range (high-performance liquid chromatography peak area units at 325 nm; 280 nm for bis-dhCaff-Spd), and estimated values +
SE of genetic parameters (m = midparent, [a] = additive, [d] = dominance), x? statistic and probability of x? for goodness of fit to the additive—dominance
genetic model proposed for the four groups of hydroxycinnamic acid conjugates identified in fruit tissue extracts for Solanum incanum (P1) and Solanum

melongena (P2) parents, the interspecific hybrid (F1), the selfed interspecific hybrid (F2) and F1 backcross to S. melongena (BC1P2) generations

Group 12 Group 2 Group 3 Group 4 Total

Generation
P1(n=26)

Mean 32456 3061 952 10534 47004

Range 22307-38380 1197-4823 278-1870 1853-18750 28508-61533
P2 (n=16)

Mean 13979 1491 139 1875 17483

Range 7737-23990 1124-2168 94-166 1009-3547 10052-29799
F1(n=6)

Mean 22804 2845 214 924 26787

Range 16781-26849 748-4564 27-355 228-1925 18983-31904
F2 (n=41)

Mean 23320 3846 194 1894 29254

Range 11765-35208 1672-9573 58-529 319-11172 14 699-42565
BC1P2 (n = 64)

Mean 20619 3343 198 1173 25333

Range 7003-32155 756-6670 48-716 108-6128 8200-40246
Genetic parameters
m 23627 +4118 2355+613 301 +186 5075 + 2633 32506 +£ 6764
[a] 8794 £4312 829+ 615 162 +£187 3281 +2678 13919+ 7155
[d] —41246343 1440 4+ 1521 —1144+258 —4217 £2771 —5208 + 9349
x° 0.100 0.816 1.033 0.373 0.149
Probability 0.951 0.665 0.606 0.830 0.928

@Group 1: mono- and di-caffeoylquinic acid esters; Group 2: hydroxicinnamic acid — polyamine amides (HCAA); Group 3: mono-feruloylquinic acid esters;

Group 4: malonylcaffeoylquinic acid esters.

Correlations between the four groups of phenolic acid
conjugates were highly significant (P < 0.001) (Table 6).
Exceptions included non-significant correlations between
group 2 and groups 3 and 4. Total phenolics were
significantly correlated with each of the four groups,
in particular with group 1, in which the correlation
coefficient was greater than 0.95 (Table 6). Correlation
between total phenolics content and fruit weight
was negative (r=—0.3609; P <0.001). However, when
considering only the individuals of the segregating
generations, the correlation coefficients were non-
significant (r=-0.3618 for F2; r=—-0.0061 for BC1P2)
(Fig. 5). BC1P2 individuals with high total phenolic
acid conjugate content and moderate fruit weights were
identified (Fig. 5). The correlation between total phenolics
and fruit flesh browning was low and non-significant
(P> 0.05) when considering all individuals (r=0.1160),
or just those of the F2 (r=0.2452) or the BCI1P2
(r=0.0567) generations (Fig. 6). Among the materials
studied, individual plants in the F2 and BC1P2 exhibited
intermediate fruit browning combined with high phenolic
acid conjugate content.

Discussion

Breeding for nutraceutical quality is an increasingly
important objective for vegetable improvement (Jenks &

Ann Appl Biol 162 (2013) 242-257
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Bebeli, 2011). In the case of eggplant, the most important
group of functional compounds present in the fruit is
phenolics, which consist of anthocyanins in the skin
and HCA derivatives, primarily chlorogenic acid, in the
flesh (Whitaker & Stommel, 2003; Azuma et al., 2008).
The concentration of HCAs present in the fruit is much
higher than that of anthocyanins, and consequently the
former are the major contributor to fruit antioxidant
capacity (Hanson et al., 2006, Okmen et al., 2009; Singh
et al.,, 2009; Lo Scalzo et al., 2010). As a consequence,
we have initiated a breeding programme aimed at
improving fruit phenolics content (Prohens et al., 2008;
Rodriguez-Burruezo et al., 2008).

Although there is marked intraspecific variation for
fruit phenolic content in germplasm of the cultivated
eggplant, S. melongena (Stommel & Whitaker, 2003;
Hanson et al., 2006; Prohens et al., 2007; Okmen et al.,
2009; Akanitapichat et al., 2010), phenolic concentrations
present in fruit of the wild eggplant ancestor S. incanum
exceed the highest levels observed in S. melongena.
Consequently, hybridisation with S. incanum affords new
opportunities to improve nutritive value of cultivated
eggplant (Stommel & Whitaker, 2003; Ma ef al., 2011).
Ancestral and present day selection for low fruit
browning (Prohens et al., 2007), together with the
genetic bottleneck suffered during eggplant domestication
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Figure 4 Representative C1g-high-performance liquid chromatography-ultraviolet (C;g-HPLC-UV) chromatograms of phenolic compounds in methanolic
extracts of fruit tissues from (a) Solanum incanum parental (P1); (b) Solanum melongena parental (P2) and (c) S. incanum x S. melongena hybrid (F1) lines.
Numbering of the peaks corresponds to the 16 hydroxycinnamic acid conjugates identified in Table 2. All compounds were detected at 325 nm except
peak 4, bis(dihydrocaffeoyl)spermidine, which was detected at 280 nm. Note that the S. melongena sample (b) was injected at twice the concentration of
the other two samples to better enable comparison of the relative abundance of the 16 phenolics.

Table 6 Correlations for the concentrations of the four groups of
hydroxycinnamic acid conjugates identified in fruit tissue extracts of
123 plants of the family constituted by Solanum incanum (P1) and
Solanum melongena (P2) parents, the interspecific hybrid (F1), the selfed
interspecific hybrid (F2) and F1 backcross to S. melongena generations
(BC1P2)

Group 2 Group 3 Group 4 Total
Group 1 0.3263*** 0.5820*** 0.5115%** 0.9596***
Group 2 0.0219" —0.1032" 0.3723***
Group 3 0.7796*** 0.7019%**
Group 4 0.6949***

ns and asterisks (***) indicate non-significant or significant at P < 0.001,
respectively.

and evolution (Meyer et al., 2012), likely resulted in
the elimination of alleles in the cultivated species that
contribute to high fruit phenolic content. Given that
the genes involved in the biosynthetic pathway for
chlorogenic acid have been identified in the Solanaceae
(Clé et al., 2008), future studies on the diversity and
expression of these genes may help to elucidate key
genetic factors involved in the differences between wild
and cultivated species in chlorogenic acid content.
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Figure 5 Relationship between total phenolic acid content (summed
high-performance liquid chromatography-ultraviolet peak areas; x-axis)
and fruit weight (in g; y-axis) in the individual plants of the S. incanum
(P1), S. melongena (P2) parents, interspecific S. incanum x S. melongena
hybrid (F1), the selfing of interspecific hybrid (F2) and backcross to S.
melongena (BC1P2).

Because S. melongena and S. incanum are sexually
compatible, (Lester & Hasan, 1991; Daunay, 2012),
S. incanum is an appropriate source of variation to breed
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Figure 6 Relationship between total phenolic acid content (summed
high-performance liquid chromatography-ultraviolet peak areas; x-axis)
and fruit flesh browning (browning index; y-axis) in the individual plants
of the Solanum incanum (P1) and Solanum melongena (P2) parents,
interspecific S. incanum x S. melongena hybrid (F1), selfing of the
interspecific hybrid (F2) and backcross to S. melongena (BC1P2).

for enhanced phenolic acid conjugate content in the
cultivated form of the crop. However, in order to be of
practical use for breeding programmes, it is important
that recombinant individuals are identified in which
high fruit phenolics content is combined with acceptable
horticultural and fruit quality (Fita et al., 2010).

In this work, we describe fundamental differences
between S. melongena and its wild ancestor S. incanum
that contribute to horticultural quality and fruit nutritive
value. Our results demonstrate that, as in other cultivated
Solanaceae (Prohens et al., 2003; Paran & van der Knaap,
2007), eggplant domestication has resulted in a profound
change in morphology and chemical constituents (Weese
& Bohs, 2010). For example, when compared with the
wild ancestor S. incanum, the cultivated eggplant accession
we have used is typified by much larger fruit, lack
of prickles and anthocyanin pigmentation in the fruit
skin and vegetative plant parts. We have found that
the interspecific hybrids are intermediate for many traits
relative to the parental species. However, interspecific
hybrids were very vigorous and heterotic for plant
height. Frary et al. (2003) found a major quantitative
trait locus (QTL) with an overdominant effect for plant
height in an interspecific hybrid between S. melongena
and Solanum linnaeanum Hepper & Jaeger. It has been
suggested that the high vigor of the hybrids between S.
melongena and S. incanum may be exploited for developing
rootstocks that afford improved earliness and greater fruit
yield (Gisbert et al., 2011). Interestingly, interspecific
hybrids were pricklier than the wild species. A similar
phenomenon was described in interspecific hybrids
between S. melongena and Solanum macrocarpon (Lester,
1986) and between S. melongena and Solanum aethiopicum

Ann Appl Biol 162 (2013) 242-257
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L. (Prohens ef al., 2012) where the parents were non-
prickly, but the interspecific hybrids presented prickles.
Similar to the cultivated S. melongena, S. melongena
S. incanum interspecific hybrids were anthocyanin
pigmented. Fruits of interspecific hybrids exhibited a
higher degree of browning in comparison with both
parental species, suggesting that increased polyphenol
oxidase gene expression and/or enzyme activity occurs in
the interspecific hybrid. Similar observations were noted
for interspecific hybrids between S. melongena and Solanum
viarum Dunal (Prabhu et al., 2009).

As reported in backcross generations from interspecific
hybrids between S. aethiopicum and S. melongena (Prohens
etal., 2012), segregating F2 and BC1P2 generations from
interspecific hybrids between S. incanum and S. melongena
were generally more variable than the non-segregating
generations, affording valuable opportunities for selection
in a breeding programme. For most of the traits measured,
average values for the F2 generation were similar to those
obtained for the F1, while for the BC1P2 attributes were
often intermediate between hybrids and the S. melongena
parent. However, some important exceptions were found.
Heterosis was evident for plant height. Segregation for
prickliness in F2 and BC1P2 generations suggests that
one major gene controls the presence of prickles in this
interspecific cross. In accord with this, Doganlar et al.
(2002) found that one major QTL in linkage group 6
explained most of the variation found for prickliness in
an interspecific cross between S. melongena and S. lin-
naeanum. Fruit colour values in the F2 varied from those
in the F1, due partly to lack of anthocyanins (present in
P2) and/or chlorophylls (present in P1), and divergent
stripe patterns. This same phenomenon occurred in
the BCIP2. The data suggest that several genes for
fruit colour segregate in this cross and that presence of
fruit anthocyanin is dominant to lack of anthocyanin
(Tigchelaar et al., 1968; Doganlar et al., 2002).

Despite considerable variation present in F2 and BC1P2
progenies, PCA analysis revealed that backcross progeny
were distant to S. melongena individuals. This suggests that
additional backcross generations from selected plants will
be needed in order to recover the combination of traits
typical of the cultivated species. Although many traits
related to domestication in eggplant are simply inherited
or influenced by major QTLs, they are situated in different
linkage groups (Doganlar et al., 2002; Frary et al., 2003).
Asaresult, we expected considerable segregation in the F2
and BC1P2 generations. For traits of economic importance
such as fruit weight and reduced browning, individual F2
and BCIP2 plants that combined attributes similar to
those of the cultivated species were identified.

Our results confirm that S. incanum is a useful source of
variation for phenolic acid content that may be exploited

253



Morphology and phenolics in an interspecific family in eggplant

to improve levels of these functional compounds in
eggplant (Stommel & Whitaker, 2003; Ma ef al., 2011).
The most common phenolic acid identified in all samples
was chlorogenic acid (5-CQA). This has important impli-
cations for the improvement of the functional quality
of eggplant, as many human-health benefits have been
demonstrated for 5-CQA (Sawa et al., 1998; Triantis et al.,
2005; Lee & Zhu, 2006; dos Santos et al., 2006, Kwon
etal., 2008; Cho etal., 2010; Dai & Mumper, 2010). Other
minor phenolics related to 5-CQA were also detected,
but their concentrations were low. Hydroxycinnamic
acid amides, mostly Caff-Put and bis-Caff-Spd, and
malonylcaffeoylquinic acid esters, mainly 3-Mal-5-CQA,
comprised the major compounds in the groups present
at lesser concentrations. Mono-feruloylquinic acid esters
were the least abundant HCA conjugates. These results
demonstrate that 5-CQA is preferentially accumulated in
eggplant and its wild ancestor, suggesting possible func-
tional roles for this compound such as defence against
plant pests, pathogens and abiotic stresses (Bradfield &
Stamp, 2004; Lépez-Gresa et al., 2011). Whereas fruit
phenolic acid constituent profiles were fairly similar
between S. melongena and S. incanum, significant differ-
ences in concentration of constituent compounds was
evident. These results illustrate opportunities to increase
total phenolic acid conjugate content and modify con-
centrations of individual constituents depending on their
potential functional value. Nonetheless, breeding for
improvement in the concentration of minor compounds
may prove to be difficult because the study of their
inheritance is complicated, for example in some cases
the non-segregating generations are not uniform for the
presence/absence of these individual compounds.

Wide variation present for total phenolic acid content,
as well as for each of the four subgroups described, may be
attributed in part to environment as illustrated by Luthria
et al. (2010) in a comparison of phenolic compounds
in eggplants produced in conventional and organic
agriculture systems. In fact, we found that even in non-
segregating generations, variation for presence/absence
of some minor compounds occurred, indicating that envi-
ronmental effects have an important influence not only
on the concentration of major compounds, but also on the
presence/absence of minor phenolic compounds. This has
important implications for phenotypic characterisation
of fruit constituents and selection of valuable germplasm
for introduction into breeding programmes. When
substantive environmental effects reduce trait heritability
or multiple genes influence a trait, the efficiency with
which desirable genotypes can be identified is reduced. In
this case, increased replication, by using clonal replicates
of each individual plant of the segregating generations
and/or analysing several individual fruit of each plant
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instead of a bulked sample, would result in lower
estimates of the environmental effects.

The genetic analysis of phenolic acid conjugate content
demonstrated that additive effects account for a large
portion of the genetic variance in phenolic constituents
and total concentration. Similar results have been
reported for coffee (Ky et al., 1999). The highest phenolic
acid conjugate content will be obtained when alleles from
the wild species are present in homozygosis. Development
of molecular markers linked to trait-relevant structural
and regulatory genes are valuable for improvement of
quantitatively inherited traits. Relevant to phenolic acid
quinate esters, Comino et al. (2009) recently developed
gene-specific markers in artichoke for a chlorogenic acid
hydroxycinnamoyltransferase.

Correlations identified between groups 1 (mono- and
di-caffeoylquinic acid esters), 3 (mono-feruloylquinic acid
esters) and 4 (malonylcaffeoylquinic acid esters) are in
accord with the interconnected biosynthetic pathways
for these three groups of compounds and suggest that
relatively few markers may be required for coselection
of these phenolic acid conjugates. Synthesis of the
feruloylquinic acid isomers in group 3 rather than the
corresponding caffeoylquinic acid isomers in group 1
requires the action of a single enzyme, caffeoyl-CoA 3-0O-
methyltransferase (Do et al., 2007). Similarly, synthesis
of the two malonylcaffeoylquinic acid isomers in group 4
from 5-CQA and 4-CQA in group 1 is most likely catalysed
by an as yet undiscovered malonyl-CoA caffeoylquinate
acyltransferase (Maetal., 2011). Thus, as few as two genes
could be involved in linking biosynthesis of compounds
in group 1 with those in groups 3 and 4. By contrast, no
correlation was indicated between the hydroxycinnamic
acid amides (HCAA) of polyamines in group 2 and
the quinate esters in groups 3 and 4, and only a low
correlation was noted between HCAA in group 2 and
the catffeoylquinates in group 1. This is not surprising
in light of the requirement for putrescine or spermine
as substrates for HCAA biosynthesis, as well as the
involvement of a specialised set of acyltransferases that
form amide linkages between the HCA and polyamine
moieties in HCAA (Bassard et al., 2010).

Tlustrative of the potential to exploit the high phenolic
acid conjugate content of S. incanum fruit in an eggplant
breeding programme, we identified plants from the
F2 and BC1P2 generations with combinations of high
fruit phenolic content, reduced fruit flesh browning and
moderate fruit weight. Utilising a collection of cultivated
eggplant, Prohens et al. (2007) determined that total
phenolics accounted for only 16 % of the total variation in
fruit browning. Although a negative correlation between
fruit weight and phenolic acid conjugate content was
found in our F2 population, the values obtained are low
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(—0.3609), which means that only 13% of the variation
in phenolic compounds is explained by the variation
in fruit weight. Correlations between fruit weight and
phenolic content were non-significant for backcross indi-
viduals. Hence, we expect that significant progress can
be made in breeding market size fruit with high phenolic
acid conjugate content. Also, because S. incanum presents
comparatively high levels of solasonine and solamargine
(Fukuhara & Kubo, 1991), levels of glycoalkaloids will
have to be monitored in the introgression materials. In
this respect, it has been shown that eggplant lines derived
from introgression of allied species with high content
in glycoalkaloids presented the typical low values of
cultivated eggplant (Mennella et al., 2010).

In summary, the results obtained indicate that S.
incanum is a valuable source of variation for improving
eggplant phenolic acid conjugate content. Wide variation
found for morphological traits, phenolic content and fruit
browning in segregating generations descended from this
S. melongena x S. incanum interspecific cross suggests that
the desirable cultivated eggplant characteristics could
be recovered expeditiously in a backcrossing breeding
programme.
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